Abstract-In conventional two-way relaying (TWR), it is assumed that a user has data to send and receive simultaneously from the base station (BS) via a relay. In cellular systems, data flow between the BS and a user is usually not simultaneous, e.g., a transmit-only user (say, TUE) may have uplink data to send in the multiple access (MAC) phase, but may not have downlink data to receive in the broadcast (BC) phase. Such one-way data flow will reduce TWR to spectrally inefficient one-way relaying. The multiple-input-multiple-output (MIMO) asymmetric TWR (ATWR) protocol considered here restores the two-way data flow via a relay. In ATWR, the BC phase following the MAC phase of a TUE is used to send downlink data to a receive-only user (say, RUE). However, the RUE will not be able to cancel the back-propagating interference. We design a structured precoder at the relay to cancel this interference. The proposed precoder also triangularizes the end-to-end MIMO channels. The channel triangularization reduces the weighted sum-rate maximization and relay power minimization problems to power allocation problems, which are then cast as geometric programs. Simulation results illustrate the effectiveness of the proposed precoder when compared with conventional solutions.
Linear Precoders for Nonregenerative Asymmetric
Two-Way Relaying in Cellular Systems exchange of two data units in two channel uses by exploiting two-way data flow between two communicating nodes. To further improve spectral efficiency, multiple-input multipleoutput (MIMO) antenna techniques are used in TWR [8] - [11] . During the first channel use in TWR, two source nodes simultaneously transmit their data signals to the relay. In the second channel use, the relay broadcasts a function of the sum-signal received earlier in the first phase. The first and second channel uses are commonly known as the multiple-access (MAC) and broadcast (BC) phases, respectively. Two key ideas are used in TWR: (a) two data flows, one from each source node, are aggregated to establish two-way flow of data via the relay; and (b) two nodes receive the sum-signal from the relay in the BC phase. Since each source node knows its self-data, it can subtract the self-interference/back-propagating interference (BI) from the sum-signal to achieve BI-free reception.
In cellular systems, however, it is not always possible to aggregate two data flows between a user and the base station (BS). Consider two different traffic scenarios: (a) a transmitonly-user (say, TUE) that wants to transmit only uplink data to the BS, e.g., a user uploading a youtube video; and (b) a receive-only-user (say, RUE) that demands only downlink data from the BS, e.g., a user watching a movie on youtube. The TUE does not require any downlink data from the BS, and the RUE does not have any uplink data to transmit to the BS. Both these traffic scenarios, i.e., TUE → RS → BS and BS → RS → RUE, result in one-way flow of data. TWR is not possible in such scenarios due to the absence of two-way flow of data.
One option for the BS to serve these two users is to employ half-duplex one-way relaying for both the TUE → RS → BS and BS → RS → RUE links. Such a solution will create two non-interfering end-to-end links via the relay. However, the solution is spectrally inefficient because it requires four channel uses-two channel uses for each unidirectional link.
In this paper, we focus on an alternative approach called asymmetric TWR (ATWR) that establishes two non-interfering TUE → RS → BS and BS → RS → RUE links, and trades spectrally inefficient channel uses with additional antennas. In the MAC phase of ATWR, both BS and TUE simultaneously transmit data to the relay as shown in Fig. 1(a) . The BS transmits data intended for the RUE, while the TUE transmits data intended for the BS. In the BC phase, the relay transmits a function of the sum-signal received earlier in the MAC phase to the BS and the RUE, as shown in Fig. 1(b) . Two-way relaying now becomes asymmetric, as two different users are served in the MAC and the BC phase. ATWR thus re-establishes twoway data flow in both directions to/from the relay. This results 1536-1276 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. in more efficient channel use as two data units are exchanged in two channel uses. Transmission protocols that consider such transmit-only and receive-only users have earlier been considered in [16] - [22] . The authors in [16] - [21] consider a relay-user and a directuser. The relay-user communicates with the BS only via a twohop relay node, while the direct-user communicates with the BS directly. Reference [22] considers two cell-edge users who are in the overlap range of the BS and the relay-both users have a direct link to the BS in addition to the relay link. In contrast to [16] - [22] , we assume that both TUE and RUE are not in the BS range and only in the relay range-they do not have direct links to the BS and communicate with the BS only via the relay. Users experience this kind of channel in coverageextension/coverage-hole scenarios [23] .
In ATWR, data transmitted by the TUE in the MAC phase acts as the BI for the RUE. For the BS, similar to conventional TWR, its self-data is the BI. Since the BS knows its self-data, it can cancel the BI. The RUE, on the other hand, will not be able to cancel the BI as it does not know the data transmitted by the TUE. In ATWR, therefore only the TUE → RS → BS link is BI-free while the BS → RS → RUE link experiences BI. This is different from the one-way relaying solution discussed earlier, where both these links are non-interfering. The objective of this work is to ensure that the BS → RS → RUE link also is free of BI, and thus create two non-interfering end-to-end links as in one-way relaying.
The RUE can cancel the BI if it knows TUE's data [24] or overhears MAC-phase transmission of the TUE [16] - [22] . In the overhearing approach, interference overheard in the MAC phase is used as side-information to cancel the BI-by using a linear receiver in [16] - [20] , a non-linear receiver in [21] and linear/non-linear receivers in [22] . The present work considers a different approach to cancel the BI. We assume that the RUE neither knows TUE's data nor can it overhear MAC-phase transmission of the TUE. The proposed approach is relevant in practical cellular systems wherein a user does not normally overhear another user's transmission occurring in a different time-slot/frequency band.
In this paper, we aim to establish a BI-free BS → RS → RUE link by using additional antennas. In the system model considered here, the BS, TUE and RUE have M antennas each while the relay has N antennas. In the MAC phase, both BS and TUE transmit M independent data streams each. The RUE therefore experiences M -stream BI from MAC-phase transmission of the TUE. A straightforward approach to cancel BI in this link is to use M additional antennas at the RUE. With 2M antennas, the RUE can use a linear receiver to suppress M -stream BI and decode M desired streams [25] . 1 However, a requirement of 2M antennas is prohibitive for a UE, as the number of UE antennas is typically small due to practical formfactor constraints [27] .
Contribution and Organization: We now present key contributions and the organization of the paper.
1) We design a novel linear precoder at the relay to cancel the BI experienced by the RUE. This precoder, by employing N ≥ 2M antennas at the relay, circumvents the physically limiting constraint of not being able to use 2M antennas at the RUE. ATWR, with the proposed precoder, thus requires only two channel uses to create two noninterfering M -stream BS → RS → RUE and TUE → RS → BS links. One-way relaying, on the other hand, requires four channel uses and N ≥ M relay antennas [1] to create two non-interfering M -stream links. ATWR thus successfully trades two channel uses in one-way relaying with M additional relay antennas. The precoder design is discussed in Section III.
2) The ATWR model considered here, with all MIMO nodes, is more general than in [16] - [22] , where all nodes have single antennas except in [17] , [18] where only the relay has multiple antennas. As mentioned in [18] , it is non-trivial to extend the precoder designed therein for the scenario when the BS is also equipped with multiple antennas. In the approaches taken in [16] - [22] , in addition to overhearing, the RUE must jointly process the overheard and the desired signals, which increases its complexity. The proposed precoder simplifies RUE receiver design as it neither requires overhearing nor joint processing. This is at the expense of additional antennas at the relay. 3) With two non-interfering links in ATWR, we consider the following two objectives of practical interest in Section IV:
• maximization of the weighted sum-rate (WSR).
• minimization of the relay transmit power subject to TUE and RUE rate requirements.
The optimization problems are cast as geometric programs (GPs) in the high signal-to-noise ratio (SNR) regime. Though the idea of casting the WSR maximization as a GP has been used in point-to-point wireless systems [28] and conventional one-way relay-based systems [4] , it is being applied to the scenario addressed herein for the first time. The present work is different from [4] as we study WSR maximization instead of sumrate maximization. Moreover, the MAC-and BC-phase channel matrices in ATWR are coupled together unlike in one-way relaying, making it harder to show that WSR maximization is indeed a geometric program. 4) In Section V, we present simulation results which show that: (a) the proposed precoder outperforms the conventional zero-forcing (ZF) and minimum-mean-squareerror (MMSE) based solutions; and (b) ATWR provides significant performance gains over one-way relaying and single-hop direct transmission in a cellular framework.
The present ATWR model is different from the asymmetric data-rate model in [29] - [34] , where users exchange different amounts of data through a two-way relay. The asymmetry in [29] - [34] is in the context of the SNR (and therefore rate) of the UE → RS link being different from that of the BS → RS link.
Notation: Bold upper-and lowercase letters are used to denote matrices and column vectors, respectively. For a matrix A, Tr(A), A T , and A H , denote its trace, transposition and conjugate-transposition, respectively. Also, [A] i,j and A * denote the (i, j)th element and complex-conjugate of the elements of A, respectively. I n denotes an n × n identity matrix. diag(x 1 , . . . , x n ) is a diagonal matrix with x 1 to x n as the diagonal elements. x is the l 2 norm of a vector x, E(·) is the expectation operator, |c| is the magnitude of a complex scalar and log 2 (·) is denoted as log(·). The distribution of a circularly symmetric complex Gaussian random vector with covariance matrix Σ is denoted as CN (0, Σ).
II. SYSTEM MODEL
A communication model for ATWR is illustrated in Fig. 1 . In the infrastructure relaying model, the BS serves multiple users through a relay [3] , [35] . We assume that there are two users, TUE and RUE, who communicate with the BS through an infrastructure relay; the relay is non-regenerative and halfduplex. We also assume that both TUE and RUE are either beyond the cell-edge (coverage-extension) or in a coveragehole-capacity of direct link from the BS is zero in both these scenarios [23] . The BS and the two users have M antennas each while the relay has N ≥ 2M antennas. We make an assumption generally made in the literature that only the relay has complete instantaneous MAC-and BC-phase CSI of the links connected to it, while other nodes have BC-phase CSI alone [7] , [36] . This is different from [17] , [18] , [22] where the relay requires global CSI, including the CSI of links not connected to it.
In the MAC phase of ATWR, both BS and TUE simultaneously transmit to the relay. Let y r ∈ C N ×1 be the signal received by the relay. Then,
Here, x u ∈ C M ×1 and x b ∈ C M ×1 denote the data vectors transmitted by the TUE and the BS, respectively. Also,
with P u and P b being the transmit power of the TUE and the BS, respectively. 2 The matrices H u ∈ C N ×M and H b ∈ C N ×M are the MAC-phase channels observed by the relay from the TUE and the BS, respectively. The vector n r ∈ C N ×1 , distributed as CN (0, σ 2 r I N ), denotes additive white Gaussian noise (AWGN) at the relay. For ease of precoder design, we express the signal in (1) in an equivalent matrix form:
The matrix H = [H u H b ] is the composite MAC-phase channel matrix and the vector
In the BC phase of ATWR, the relay performs linear processing of its received signal, by multiplying it with a precoder matrix W ∈ C N ×N , and transmits it to the BS and the RUE. Let x r ∈ C N ×1 be the signal transmitted by the relay. Then,
The maximum transmit power of the relay is P r , which results in the following constraint on the relay transmit signal:
The signals received by the RUE and the BS in the BC phase are given, respectively, as
The matrices G u ∈ C M ×N and G b ∈ C M ×N are the BC-phase channels observed by the RUE and the BS, respectively, from the relay. The terms
, represent AWGN vectors at the RUE and the BS, respectively. The BC-phase signals received by the RUE and the BS in (5) are stacked to form a vector y such that
The vectors y = [y
T is the composite BC-phase channel matrix.
Remark 1: Discussion on Number of Antennas Required at the Relay:
It is shown later in Lemma 3.1 that the proposed precoder cancels the BI observed by the RUE by spatially orthogonalizing the BS and the TUE transmit signals. For spatial orthogonalization of the BS and the TUE signals consisting of 2M streams, N ≥ 2M antennas are required at the relay [8] , [37] , [38] . Such a design with N ≥ 2M antennas also captures the inherent degrees of freedom of the system [38] . We note that relaying techniques where an infrastructure relay has more antennas than the BS are being studied and evaluated for commercial broadband cellular systems such as LTE-A (Long Term Evolution Advanced) [3] , [39] .
III. PRECODER DESIGN
The relay can cancel BI in two different ways. The first approach uses precoders to cancel BI for both RUE and BS [8] . However, such an approach is strictly suboptimal for ATWR as the BS can cancel the BI by itself. In this section we propose a second approach: using relay precoders to cancel the BI for the RUE alone. We show in Section V that such an approach results in a better performance than the first approach. The proposed precoder also triangularizes the end-to-end MIMO channels observed by the RUE and the BS.
We now develop the structure of the precoder matrix W, wherein it is decomposed as
Here, precoders M ∈ C N ×2M and F ∈ C 2M ×N are designed to cancel the BI experienced by the RUE. Precoders M and F are further partitioned as
respectively, where
The matrices D u and D b are designed later to triangularize the end-to-end MIMO channels observed by the RUE and the BS, respectively. We will show that this channel triangularization reduces the optimization problem to one of power allocation by the relay to the RUE and the BS. It is worth mentioning that the matrix D also permutes the signal received by the relay. Before designing the precoder matrices, we summarize the key design steps: 1) Design M and F to cancel the BI experienced by the RUE. 2) Design D to triangularize the end-to-end MIMO channels and perform power allocation at the relay.
Henceforth, M and F will be referred to as the BIcancelling precoders and D will be referred to as the channeltriangularizing precoder.
A. BI-Cancelling Precoder Design
To design BI-cancelling precoders, we express vector y in (6) by substituting the expressions for y r , x r and W from (2), (3) and (7), respectively.
We are now ready to state the following lemma. Lemma 3.1: The signal received by the RUE is BI-free if precoders M and F are designed such that G ∈ C 2M ×2M and H ∈ C 2M ×2M are block lower-and upper-triangular matrices, respectively.
Proof: With block lower-and upper-triangular matrices G and H, (9) will become
Here,
sub-blocks obtained after block-triangularization of G and H, respectively. From y u (first block-row in (10)), we note that the proposed precoder spatially orthogonalizes x u and x b at the RUE by reducing G and H to the aforementioned structure. As a result, the RUE can decode its desired data x b from its received signal y u , free of BI. It is worth noting that the proposed precoder does not cancel the BI experienced by the BS. This is as desired, since the BS itself can cancel the BI from its received signal y b (second block-row in (10)) and decode its desired data x u . 3 
Remark 2:
The RUE now needs to estimate only its own effective channel, as its BI is completely cancelled. This leads to a reduction in CSI requirement at the RUE.
In the following section, we provide a technique to design the precoders M and F. To this end, it is useful to express G and H defined in (9) in terms of their constituent matrices:
The above expressions are obtained by using the expressions of composite channels H and G and precoders M and F defined in (2), (6) and (7), respectively. We also note from (10) that the RUE receive-signal is
The effective signal received at the BS after it cancels the BI is
The vectorsñ i distributed as CN (0, Σñ i ), i ∈ {u, b} are the effective noise observed by the RUE and the BS, respectively. 4 Design of Precoders M and F: According to Lemma 3.1, the precoder M is designed to reduce G to a block lowertriangular matrix. We see from (11) that M b , as a result, is constrained to lie in the nullspace of G u i.e., G u M b = 0. The singular value decomposition (SVD) of G u is next performed to determine its nullspace:
where form an orthonormal basis set for the nullspace of G u [40] . We choose
To design M u , we observe from (12) that the RUE receive-signal is a function of G u = G u M u . Therefore, the only constraint on M u is that it cannot belong to the nullspace of G u . Since columns of V (1) G u form an orthonormal basis for the row space of G u , a subspace orthogonal to the nullspace of G u , we choose M u = V (1) G u . 5 The precoder M is given as
for m = 1 to M . The matrix F b is designed to reduce H to a block uppertriangular matrix. From (11), we observe that F b is constrained to lie in the left nullspace of H u i.e., F b H u = 0. To design F b , we perform the SVD of H u : form an orthonormal basis set for the left nullspace of H u [40] . We choose F b as the first M columns of
We observe from (13) that the BS receive signal is a function of H b = F u H u . The only constraint on F u , therefore, is that it cannot belong to the left nullspace of H u . Since the columns of U (1) H u form an orthonormal basis for the column-space of H u , a subspace orthogonal to the left nullspace of H u , we choose
The precoder F is therefore given as
for m = 1 to M . By using the fact that the precoder F has orthonormal rows, the covariance matrices ofñ u andñ b can be easily calculated from (10) and are given, respectively as 5 We later show in Section IV that orthonormal columns of precoder M and orthonormal rows of precoder F are desired in casting the optimization problems as convex optimization programs.
B. Channel-Triangularizing Precoder Design
After BI cancellation, both RUE and BS can decode their respective M streams by employing one of the following techniques: 1) perform joint decoding using the maximal-likelihood (ML) receiver [41] ; or 2) use a linear receiver [25] . The aim of the channel-triangularizing precoder D is to partially decouple the transmit streams at the relay itself. Both RUE and BS, as a result, perform minimal signal processing to decode their respective M streams, when compared with an ML or a linear receiver. 6 The reduction in signal processing is especially useful for the RUE which has limited processing capabilities. Further, as discussed later in Remark 5, the channel-triangularizing precoder also enables asymmetric two-way relay communication in a multi-user scenario.
To design precoder D, we note from (12) and (13) 
for i ∈ {u, b}. The matrix 
If Π i and Θ i are designed such that the matrix-products G i Π i and Θ i H i are lower-triangular and upper-triangular, respectively, 7 the end-to-end channel observed by xī (i.e., C i ) will have a reflected lower-triangular structure as shown below:
. . .
With this channel structure, the M th transmit stream (xī ,M ) will not experience inter-stream interference and is decoded first. The (M − k)th transmit stream is then decoded by subtracting the inter-stream interference caused by alreadydecoded (M − k + 1)th to M streams; here k = 1 to M − 1. We refer to this decoding as successive interference cancellation (SIC). The anti-diagonal structure of the power-allocation matrix Δ i is crucial in reducing y i to the above form.
The complete receiver processing for both RUE and BS are shown in transceiver chains in Fig. 2 . The BS receiver cancels BI, and performs SIC to decode its M streams. Since the proposed precoder completely cancels the BI observed by the RUE, the BI-cancellation block in the RUE receiver is replaced by a pass-through I M block. The RUE thus performs only SIC to decode its M streams.
Remark 3: As mentioned above, without the proposed channel-triangularizing precoder, both RUE and BS can either perform joint-ML decoding or use linear receivers. It is clear that the SIC decoding operation is not as computationally intensive as joint-ML decoding. A linear receiver must invert an M × M matrix to decode M streams. With the proposed precoder, to decode a particular stream, a receiver needs to only subtract the previously decoded streams. Matrix inversion is not required unlike in a linear receiver.
Design of Π i and Θ i : Recall that Π i should be designed such that the matrix-product G i Π i has lower-triangular structure. To design Π i , the matrix G i is decomposed using the LQ decomposition [40] as
where L i ∈ C M ×M is a lower-triangular matrix and Q i ∈ C M ×M is a unitary matrix. For G i Π i to be lower-triangular, we choose Π i = Q H i . Similarly, Θ i should be designed such that the matrix-product Θ i H i is upper-triangular. To design Θ i , the matrix H i is decomposed using QR decomposition [40] as
where 
The SNR observed by the mth stream received by the BS and the RUE, respectively can be calculated by using (12), (13), (18) , and are given as
Here, m = 1 to M and
As both Θ u and Θ b are unitary matrices, the SNR expressions can be further simplified and are given in (21) , shown at the bottom of the page. Note that the coefficients of power-distribution variables, δ u,m and δ b,m , are non-negative, ∀m. This is possible because matrices Θ u and Θ b have a unitary structure and the BI-cancelling precoder F (cf. (17)) has orthonormal rows.
Remark 4-Channel Parallelization:
Instead of the channeltriangularization approach discussed above, both D u and D b can also be designed to perform channel parallelization (CP) at the relay as follows:
The CP approach further simplifies receiver architecture when compared with the channel-triangularization approach, as SIC is no more required. However, as shown later in Section V:
(a) the channel matrix inversion in the CP approach leads to significant performance degradation when compared with channel triangularization; and (b) the CP approach is only marginally better than the conventional ZF and MMSE precoders. We also observe that the CP approach is only a byproduct of the overall precoder design. Due to these reasons, we do not discuss this approach further.
Remark 5: Extension to the Multiple User-Pair Scenario:
The M downlink streams transmitted by the BS can also be targeted to M single-antenna users, RUE 1 to RUE M . With received signal structure as in (22), zero-forcing dirty-paper coding (ZF-DPC) [42] can be applied at the BS to ensure an interference-free channel for each of the M RUEs. The BS in this case needs to have the necessary channel information to perform ZF-DPC [4] . The SNR observed by the mth RUE will be same as the SNR of the mth stream in the single userpair case (cf. (21)). Similarly, M independent uplink streams transmitted by the TUE can be thought of as M independent streams from M single-antenna users, TUE 1 to TUE M . The BS will decode all M streams as usual, with each stream observing the same SNR as in the single user-pair case.
By applying ZF-DPC at the BS, the proposed precoder thus enables asymmetric two-way relay communication between a BS, M single-antenna TUEs and M single-antenna RUEs. The power allocation for this scenario too can be performed by solving the optimization problems discussed in the next section. Note that in the single user-pair case, ZF-DPC is not required as the RUE can decode all its M streams by using SIC.
IV. WEIGHTED SUM-RATE MAXIMIZATION
In a cellular network, the downlink data-rate required is normally higher than the uplink data-rate [43] . Maximization of the sum of downlink and uplink rates is inappropriate in a cellular scenario [3] . Therefore, for ATWR in cellular systems, we maximize the weighted downlink-plus-uplink sum-rate (WSR). The WSR of the system is defined as
The terms w u,m and w b,m are fixed non-negative scalar weights that enable the relay to assign different priorities to each of the 2M downlink-plus-uplink streams according to their respective quality of service (QoS) requirements. The factor of 1/2 is due to the half-duplex constraint. The vector δ ∈ R 2M ×1 is formed by stacking the power-allocation variables i.e., δ =  [δ u,1 , . . . , δ u,M , δ b,1 , . . . , δ b,M ] . In this section, we calculate δ so as to maximize the WSR with the proposed precoder.
The WSR maximization problem can be stated as Max.
The above constraint, stated earlier in (4), is on the total power of the relay transmit signal. Also, δ 0 implies that δ u,m ≥ 0 and δ b,m ≥ 0, ∀m. The optimization problem, as shown in Appendix A, is non-convex in the present form. We next use a high-SNR approximation of R sum (δ) to cast the optimization problem as a geometric program (GP). A GP can be transformed into a convex program after a logarithmic change of variables [44] . The R sum (δ) is approximated at high SNR as
Maximizing the WSR is equivalent to maximizing the product of SNRs or minimizing the product of inverse SNRs (denoted as ISNR). The WSR maximization can be equivalently cast as
Here, ISNR u,m = 1/SNR u,m and ISNR b,m = 1/SNR b,m . We have dropped the (1/2) log term from the objective function as log(·) is a monotonically increasing function. Before showing that the above optimization program can be formulated as a GP, we briefly explain the GP terminology from [44] for the sake of completeness.
A monomial is a function f : R n ++ :→ R of the form
where c > 0 and a j ∈ R. Here, R n ++ denotes the set of ndimensional positive real vectors. A sum of monomials is called a posynomial i.e.,
where c k > 0. In a GP, the objective function is a posynomial, inequality constraints are upper-bounded posynomials and equality constraints are monomials. If f i : R n :→ R, for i = 1 to k, are posynomial in x and φ : R k :→ R is a posynomial with non-negative fractional exponents, then the composition h(x) = φ(f 1 (x), . . . , f k (x)) is defined as a generalized posynomial. In a generalized geometric program (GGP), the objective function is a generalized posynomial, inequality constraints are upper-bounded generalized posynomials, and equality constraints are monomials.
We observe from the SNR expressions in (21) that ISNR u,m and ISNR b,m are posynomials in δ, ∀m; the objective function is therefore a generalized posynomial. To show that the optimization problem in (31) is a GP, we consider the following lemma.
Lemma 4.1: The power constraint in (31) is an upperbounded posynomial in δ if: 1) matrix M has orthonormal columns and the matrix F has orthonormal rows; and 2) matrices Π i and Θ i are unitary for i ∈ {u, b}.
Proof: Refer to Appendix B.
For notational convenience, the power of the relay transmit signal is henceforth denoted as P (δ); the power constraint is consequently denoted as P (δ) ≤ P r .
We state another lemma to show that the generalized posynomial in the objective function can be handled in a geometric programming framework.
Lemma 4.2:
A generalized posynomial in the objective function can be expressed as the posynomial objective and equivalent upper-bounded posynomial constraints.
Proof: Refer to Appendix C. The optimization problem in (31) is a GP since the objective function is a posynomial and the constraints are upperbounded posynomials, and can be solved using available software packages [45] . The high-SNR approximation is made in the literature and is applicable in scenarios where SNR is much larger than 0 dB [28] . At low-to-medium SNRs (0-15 dB), the approximation of log(1 + SNR) as log(SNR) does not apply. Unlike ISNR, which is a posynomial, 1/(1 + SNR) is a ratio of two posynomials. The ratio of two posynomials is not a posynomial [46] . To solve the optimization problem at low-to-medium SNRs, we use the single-condensation approach [28] . In this approach, a posynomial in the denominator of the ratio is condensed to a monomial. The ratio of a posynomial and monomial is a posynomial. The problem is then solved iteratively to improve the approximation at each step.
Relay Power Minimization Subject to the Individual Rate Requirements of Both TUE and RUE:
With the knowledge that ISNR u,m (δ), ISNR b,m (δ), ∀m and P (δ) are posynomials in δ for the proposed precoder, we study another problem of practical interest as stated below.
Min.
The objective is to minimize the power of the relay transmit signal; the first two constraints specify the QoS requirements in terms of data rates required by the RUE and the TUE i.e., r u and r b , respectively; the last constraint imposes a ceiling on the maximum power of the relay transmit signal. The optimization problem in the above form is not a GP, but can be cast as a GP by re-stating the QoS constraints as follows:
V. NUMERICAL RESULTS
In this section, we perform Monte Carlo simulations to analyse the average WSR. The average WSR is calculated by solving the optimization problem in (29) and by averaging the WSR over 10 4 statistically independent channel realizations. We assume that the: a) elements of H i and G i are independent and are distributed as CN (0, h 2 i ) and CN (0, g 2 i ), respectively, where i ∈ {u, b}; and b) nodes employ Gaussian signalling. The average WSR so obtained can be nearly achieved by employing capacity-approaching error-correcting codes and adaptive modulation, as is done in current cellular systems [3] , [43] , and hence can be considered feasible. We later analyse the minimum transmit power required at the relay to satisfy the respective rate requirements of the TUE and the RUE.
A. WSR Comparison of Different Precoders
We evaluate the average WSR improvement of the proposed precoder over conventional solutions. For this study, the transmit power of all the nodes is set to unity i.e., P b = P u = P r = 1. Also, σ 2 r = σ 2 = 1. The average per-hop SNR of the BS ↔ RS link is defined as
Similarly, the average per-hop SNR of the TUE → RS and RS → RUE links is defined as SNR
The average WSR of different precoders is analysed for unbalanced links where SNR (b) is fixed to be 20 dB as in [7] and SNR (u) = SNR is varied from 0 to 40 dB. The downlink and the uplink weights, w u,m and w b,m , are set, respectively as 1.5 and 0.5, for m = 1 to M , where M is the number of transmit streams. We consider the following precoders for the average WSR comparison: 1) ZF precoder: Two precoders are designed in [8] for conventional TWR by adopting an interference-mitigation approach. The first precoder, based on the ZF criterion, completely cancels the BI and the inter-stream interference for both communicating nodes. The ZF precoder can be used in ATWR also, as it will cancel the BI and the inter-stream interference for both RUE and BS. 2) MMSE precoder: The second precoder in [8] is based on the MMSE criterion and is shown to have better performance than the ZF precoder. The MMSE precoder only partially cancels the BI and the inter-stream interference. In ATWR, the residual BI can be cancelled by the BS alone, different from conventional TWR, where both nodes can cancel the residual BI.
3) BI-CT precoder: The proposed BI-cancelling Channel
Triangularization (BI-CT) precoder.
4) BI-CP precoder: The proposed baseline BI-cancelling
Channel-Parallelization (BI-CP) precoder, designed using block-ZF approach in (27) . Fig. 3(a) , where the average WSR of different precoders are compared, shows that the proposed BI-CT precoder significantly outperforms all other precoders across all SNR values. The BI-CT precoder performs better than other precoders due to the following reasons: 1) it is designed such that the BI is cancelled for RUE alone, whereas both ZF and MMSE precoders mitigate interference for the BS also; and 2) it avoids the channel-matrix inversion unlike the BI-CP and ZF precoders. The channel-matrix inversion results in performance degradation if an ill-conditioned matrix has to be inverted. In Fig. 3(b) , a similar simulation is performed as before; however, the number of antennas is doubled at each node. The performance gap between the BI-CT precoder and the other precoders is larger than before. The BI-CT precoder provides 6 bps/Hz higher WSR than the proposed BI-CP precoder at SNR = 30 dB, when compared with the improvement of 1.8 bps/Hz at the same SNR in Fig. 3(a) .
The BI-CP precoder, for both antenna configurations, outperforms the ZF precoder at all SNRs and provides marginally better average WSR than the MMSE precoder at medium and high SNRs.
B. WSR Comparison of Different Transmission Protocols in a Cellular Framework
The proposed BI-CT precoder, as shown in the previous section, outperforms all other precoders by a considerable margin. In this section, the WSR of ATWR with the BI-CT precoder is compared with single-hop direct transmission and one-way relaying-two methods of communication between BS, TUE and RUE in the absence of ATWR. These comparisons-performed in a cellular framework-reveal the tangible gains provided by ATWR over other two communication methods.
1) Single-Hop Direct Transmission (Direct):
For single-hop direct transmission, we assume that a communication cycle consisting of a downlink phase and an uplink phase is divided into two equal time slots. The first time-slot is used for the downlink phase while the second time-slot is used for the uplink phase. If H ∈ C M ×M is the channel observed by the RUE from the BS, then the capacity of the BS → RUE link is given as R u = log |I M + (P b /M σ 2 )HH H | [47] . Here, we assume that the receive CSI is available at the RUE and transmit CSI is not available at the BS, consistent with the ATWR model. The capacity of the TUE → BS link, with receive CSI at the BS and no transmit CSI at the TUE, is similarly given as
is the channel for the TUE → BS link. The elements of H and G are independent and are distributed as CN (0, h 2 ) and CN (0, g 2 ), respectively. The WSR for direct transmission is defined as
, where w u and w b are downlink and uplink weights, respectively. As in the last section, we fix w u = 1.5 and w b = 0.5. The factor of 1/2 is due to the two time slots in the communication cycle.
2) One-Way Relaying (OWR): For OWR, we assume that a communication cycle consisting of a downlink phase and an uplink phase is divided into four equal time slots. The first two time slots are used for the downlink phase and the last two are used for the uplink phase. In the downlink phase, the relay receives data from the BS in the first slot, performs nonregenerative linear processing, and transmits it to the RUE in the second slot. In the uplink phase, the relay receives data from the TUE in the third slot and transmits this data, after non-regenerative linear processing, to the BS in the fourth slot. (17)], [48] . Here, Δ u is the diagonal power-allocation matrix. We use this rate-maximizing precoder to calculate the maximum end-to-end downlink rate (R u ) for the RUE. The expression of R u can be found in [1] and is omitted here for the sake of brevity. The uplink precoder W u and the corresponding end-to-end uplink rate (R b ) for the TUE are also calculated in a similar fashion. The WSR for OWR is defined as R sum = (1/4)(w u R u + w b R b ); the factor of 1/4 is due to the four time slots in the communication cycle. Here, also, we fix w u = 1.5 and w b = 0.5.
The system parameters used for comparing the performance of the three communication methods are listed in Table I . For a fair evaluation of the three communication methods, the transmit power of the relay is added to that of the BS for singlehop transmission. The WSR is calculated by employing the precoder on a single subcarrier of an orthogonal frequency division multiplexing based cellular system; transmit power of the nodes is therefore normalized to obtain per-Hz transmit power. In this paper, as mentioned earlier, we consider two deployment scenarios for infrastructure relays: a) coverageextension-users beyond the edge of the cell, and b) coveragehole-users in the shadow of a building. The placement of relays in both these scenarios is such that they are likely to experience minimal inter-cell interference. Further, we also assume that the residual inter-cell interference can be handled using concepts such as inter-cell interference coordination, scheduling and fractional frequency reuse [50] , [51] . We therefore concentrate on a single-cell framework with a BS, relay and two users.
For the coverage-extension scenario, we consider a cell-site of radius 1 km. The RS is located at the cell-edge: BS-RS distance = 1 km; the RUE is located at a fixed distance of 0.5 km from the RS while the RS-TUE distance is varied from 0.1 km to 1.5 km. We observe from Fig. 4(a) that ATWR provides significant WSR gains over OWR for BS-TUE distance range of 1.1 km to 1.6 km. At the BS-TUE distance of 1.3 km, ATWR yields 5 bps/Hz higher WSR than OWR. ATWR provides higher WSR than OWR till the BS-TUE distance of 2.3 km i.e., RS-TUE distance of 1.3 km or equivalent RS-TUE link SNR of 2.5 dB. For RS-TUE distance > 1.3 km i.e., at low RS-TUE link SNR, OWR performs better than ATWR. ATWR is better than direct transmission across the entire range of operating distance.
We next consider a coverage-hole scenario at a distance of 800 m from the BS. The RUE is located at a fixed distance of 50 m from the relay while the RS-TUE distance is varied from 10 m to 200 m. Fig. 4(b) shows that ATWR significantly outperforms OWR for BS-TUE distance range of 810 m to 880 m. ATWR provides better WSR than OWR till the BS-TUE distance becomes 960 m i.e., RS-TUE distance = 160 m or equivalent RS-TUE link SNR = 4.8 dB. For RS-TUE distance > 160 m i.e., at low RS-TUE link SNR, OWR performs better than ATWR. The capacity of direct transmission is small when compared with both the relaying schemes.
We surmise that for the coverage-extension and coveragehole scenarios considered here, ATWR outperforms a) OWR except for low RS-TUE link SNR; and b) direct transmission for all values of RS-TUE link SNR. 
C. Minimization of Relay Transmit Power
In this section, we evaluate the average minimum transmit power required at the relay to support an RUE rate requirement of 2 bps/Hz and a TUE rate requirement of 1 bps/Hz. The average minimum transmit power is calculated by averaging the solution of the optimization problem in (34) for 10 3 independent channel realizations. We consider unbalanced links as in Section V-A and set P r = 10 and P u = P b = 1. Also, σ 2 r = σ 2 = 1. The average minimum transmit power for different per-hop SNRs is plotted in Fig. 5 for two different antenna configurations: 1) N = 4 and M = 2; and 2) N = 8 and M = 4. We observe that the average minimum transmit power reduces with increase in per-hop SNR, which is not surprising. More importantly, the relay transmit power reduces by ∼60% in the range 5 dB ≤ SNR ≤ 10 dB for the second antenna configuration. Also, the relay requires similar power levels for SNR ≥ 15 dB for both antenna configurations. The solution of the optimization problem can be used to decide the maximum transmit power at the relay. For example, with P r = 10, the optimization was found to be feasible for all the 10 3 realizations at all SNR values. It implies that, for the above rate requirements, P r can be safely set as 10.
VI. CONCLUSION
Conventional TWR presumes two-way data flow between a user and the BS. In scenarios where there is one-way data flow, TWR reduces to one-way relaying, which is spectrally inefficient. For infrastructure relays, where a BS serves multiple users through a relay, we consider an Asymmetric TWR (ATWR) approach to restore the two-way data flow. In ATWR, following the uplink MAC phase of a transmitting user (TUE), the BC phase is used to transmit downlink data to a receiving user (RUE). However, unlike in TWR, the RUE now will not be able to cancel the back-propagating interference (BI). A novel linear precoder is proposed at the relay to cancel the BI experienced by the RUE. This precoder also simplifies the receiver design for both RUE and BS. The weighted sumrate (WSR) maximization for the proposed precoder is shown to be a geometric program in the high-SNR regime. A solution for relay-power minimization under given rate constraints is also discussed. The WSR with the proposed precoder is shown to be higher than the WSR with the ZF and MMSE precoders by a significant margin. The performance benefits of ATWR over one-way relaying and single-hop direct transmission are demonstrated in two different coverage-limited cellular scenarios.
In a practical scenario, data flow between a user and the BS can be either two-way (simultaneous uplink and downlink) or one-way (either uplink or downlink). The system may employ a mix of both conventional TWR and ATWR in different scheduling epochs-conventional TWR when there is two-way data flow between a user and the BS, and ATWR when there is not. 
